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Summary. Effects of increased CO2 and temperature on powdery mildew (Podosphaera xanthii) of zucchini (Cu-
curbita pepo), were evaluated under controlled conditions. Zucchini plants were grown in phytotrons under four 
different simulated climatic conditions: 450 ppm of CO2 at standard (18°C night, 24°C day) and elevated tem-
peratures (22°C night, 28°C day), elevated CO2 (800 ppm) with standard temperature and elevated CO2 (800 ppm) 
with elevated temperature (4°C higher than standard). Physiological responses of zucchini and pathogen develop-
ment were studied. Under elevated CO2 both healthy and infected zucchini plants grew better when temperature 
was lower. Elevated CO2 generally caused no significant differences in pathogen development or disease severity, 
whereas elevated temperature stimulated the development of the pathogen. A combination of elevated CO2 and 
temperature always stimulated the development of the pathogen and disease severity compared to standard con-
ditions.
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Introduction
Climate has changed in the recent past past, due 
to increasing world population and economic activity, 
and it is predicted to change in the future (Smith et al., 
2002). Atmospheric CO2 concentration has increased 
from 367 ppm to 379 ppm in the period 2000-2006 (Le 
Treut et al., 2007), and is predicted to reach 730 to 1020 
ppm by 2100 (Meehl et al., 2007). At the same time, an 
increase between 1.8 and 4°C in mean global temper-
ature is expected, due to the rising concentration of 
CO2 and other greenhouse gases (Meehl et al., 2007).
Since both CO2 and temperature are key vari-
ables affecting plants and their diseases, potential 
influences of climate change on plant growth, global 
food supply and disease risk are attracting consid-
erable research interest in many countries (Rosenz-
weig and Parry, 1994; Myneni et al., 1997; Harvell et 
al., 2002). Numerous studies have measured plant 
growth under conditions of elevated CO2 and tem-
perature. Despite the diversity of experimental ap-
proaches and study subjects, Morison and Lawlor 
(1999) concluded that increased CO2 generally pro-
duced larger plants with more and/or larger organs, 
while warmer temperatures accelerated the rate of 
organ development and expansion but decreased 
organ life time. A meta-analysis, encompassing data 
from more than 120 peer-reviewed articles describ-
ing physiology and production in 12 large scale Free-
Air CO2 Enrichment (FACE) experiments during the 
past 15 years, confirmed some results from previous 
chamber experiments, and also addressed general 
variances between species. 
Increases in CO2 and temperature are expected 
to induce complex effects on plant pathosystems. 
Although research on the effects of climate change 
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continues to be limited, new phytotron facilities 
are permitting study of effects of climate variables 
on infection rates in some pathosystems (Runion, 
2003; Chakraborty, 2005; Garrett et al., 2006; Pugliese 
et al., 2010). An increase in production of defensive 
compounds and/or other changes in host physiol-
ogy, morphology, or anatomy under elevated CO2 
could lead to reductions in disease incidence or se-
verity for pathosystems such as Erysiphe graminis-
barley and Colletotrichum gloeosporioides - Stylosan-
thes scabra (Runion et al., 1994; Hibberd et al., 1996; 
Chakraborty et al., 2000; Pangga et al., 2004). Several 
model approaches, such as climate matching and cli-
matic mapping, have also been used to simulate and 
predict plant diseases under changing environments 
(Bourgeois et al., 2004). Increased downy mildew on 
grapevine in 2030, 2050 and 2080 was forecasted to 
occur in Acqui Terme, Italy, using a weather-disease 
combined model. Increased number of days during 
May and June with weather conditions favorable to 
downy mildew were predicted, due to the advance 
in the date of primary outbreaks (Salinari et al., 2007). 
An outcome of many studies and observations is in-
creased powdery mildew severity on different hosts, 
as a result of temperature increases in mild climates 
(Boland et al., 2004). 
The pathosystem zucchini (Cucurbita pepo) - pow-
dery mildew (Podosphaera xanthii) was chosen to 
study the effects of elevated atmospheric CO2 con-
centrations and temperatures and their interaction. 
Zucchini is a typical vegetable crop in the Mediterra-
nean area. Powdery mildew, caused by the biotroph-
ic fungus P. xanthii, is one of the most important dis-
eases of this crop in many areas of the world, and 
yield losses due to the disease can reach 50% (Sherf 
and Macnab, 1986; Zitter et al., 1996). The disease is 
generally favoured by dry atmospheric conditions, 
moderate temperatures, reduced light intensity and 
succulent plant growth (Sitterly, 1978). Optimum 
temperature for spore germination is 28°C (Sitterly, 
1978) and 20‒27°C for disease development (Sherf 
and Macnab, 1986). Powdery mildew reduces yields 
by decreasing the size and/or number of zucchini 
fruit (McGrath and Thomas, 1996). 
The present study was undertaken in phytotrons, 
where temperature and CO2 concentration were ma-
nipulated to simulate possible future climate sce-
narios. Host physiological parameters (chlorophyll 
content, gas exchange activity and plant growth), 
and phytopathological factors, including changes 
in P. xanthii growth and infection structures, were 
evaluated.
Materials and methods
Growth of plants 
Seeds of Cucurbita pepo cv. Genovese were sown 
in greenhouse (18‒26°C, RH=70%, natural light). 
When the first seedling-leaves developed, about 10 
days after sowing, plants were transplanted into 
pots (one plant/pot) containing 3:3:l of a peat-clay-
perlite substrate. Pots were then moved into three 
controlled environment phytotrons (PGC 9.2, TEC-
NO.EL, Italy) (44 plants/phytotron), maintained at 
different concentrations of carbon dioxide (CO2) and 
different temperatures, and at the relative humid-
ity and photoperiod conditions outlined in Table 1. 
Table 1. Different environmental conditions used in phytotrons for assessing the effects of elevated CO2 and temperature 
on interactions of zucchini and powdery mildew.
Phytotron
Temperature (°C) Carbon 
dioxide
(ppm)
Relative Humidity (%) PAR
a (μmol m-2 s-1)
(16 h photoperiod)
Max (Day) Min (Night) Min (Day) Max (Night) Min (Night) Max (Day)
1 24 18 450 40 70 0 700
2 24 18 800 40 70 0 700
3 28 22 450 40 70 0 700
4 28 22 800 40 70 0 700
a PAR, Photosynthetically active radiation.
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Concerning temperature, five trials were performed 
with controlled temperature (considered standard) 
of 18°C minimum during night to 24°C (maximum 
during day). Temperatures, air relative humidity 
and light changed gradually from day to night, to 
better simulate natural situations. The tested varia-
bles were: 450 ppm of CO2 (standard) with standard 
temperature (experimental control), elevated CO2 
(800 ppm) with standard temperature, standard CO2 
with elevated temperature (4°C higher than stand-
ard) and elevated CO2 with elevated temperature. 
Phytotron settings are summarized in Table 1.
The phytotrons used allowed environmental pa-
rameters (temperature, relative humidity, air CO2 
concentration, air speed, leaf temperature, leaf wet-
ness) to be accurately controlled. Soil temperature 
and soil water content (absolute volumetric moisture 
content) were also monitored in the pot containers. 
Lighting was from two different sources to obtain 
the best spectrum for plant growth. Environmental 
parameters were also measured and recorded in or-
der to fully characterize the internal phytotron envi-
ronments.
Pathogen and inoculation procedure 
Podosphaera xanthii inoculum was prepared from 
diseased plants maintained under greenhouse con-
ditions. Conidia were collected from infected leaves, 
counted and adjusted using an haeomyctometer 
(Bürker) in order to obtain conidial suspensions 
containing 5×105 ‒ 1×106 conidia mL-1. One drop of 
polisorbate 20 (Tween 20, Croda International Plc, 
Snaith, Goole, United Kingdom) was added to each 
suspension, and 2 mL was sprayed on the adaxial 
surface of each plant when the second true leaf was 
completely open (about 1 week after being moved 
into phytotrons). 
At this time, plants to be inoculated were moved 
outside for a few minutes and sprayed with the inoc-
ulum. The plants were returned into the phytotrons. 
In each phytotron half of the plants were inoculated, 
while the others were left uninoculated as healthy 
experimental controls. During the experiments, in-
oculated and uninoculated plants inside each phy-
totron where not separated, to avoid influencing the 
microclimate in each phytotron unit. Assessments 
were carried out on primary infections and trials 
were terminated before the development of second-
ary infections.
Assessment of the influence on host physiological 
activity and growth
The physiological activity of host plants was 
monitored through measurement of gas exchange 
and chlorophyll content index (CCI) in 2nd leaves 
(four replicates/leaf) on three infected plants and 
healthy plants in each phytotron. Gas exchange 
measurements were recorded, using a CO2 and H2O 
infra-red gas analyzer (ADC, Hoddesdon, UK) un-
der open system. Intercellular concentration of CO2 
at 5 days after inoculation (dai), Ci (ppm), stomatal 
conductance at 5 dai, gs (mmol H2O m-2 s-1), transpi-
ration rate, E (mmol H2O m-2 s-1) and assimilation A 
(μmol CO2 m-2 s-1) at 3, 5 and 10 dai, were measured 
both for healthy and diseased plants grown under 
all conditions. Water use efficiency (WUE, μmol CO2 
mmol H2O-1) was calculated as ratio of assimilation 
(A) to transpiration rate (E). Chlorophyll content in-
dex (CCI) was determined at 10 dai, using a chloro-
phyll meter (SPAD-502, Minolta). 
Growth of host plants was monitored by cut-
ting and recording fresh and dry weights of shoots 
of three infected and three healthy plants from each 
environmental condition at 0, 10 and 15 dai. Dry 
weights were measured after shoots had been kept 
in a forced air oven for 48 h at 105°C. Number of 
open leaves, and number and maximum length of 
fruits at 15 dai were recorded and used as indexes of 
plant development. At least three plants were ran-
domly sampled for measurement of each parameter 
at each sampling time.
Pathogen and disease assessments
Fungal development was assessed using micros-
copy, in order to evaluate: 1) maximum and mini-
mum diameters of colonies measured at 3 dai, and 
then calculated as area (mm2), assuming each colony 
to be an ellipse; 2) number of hyphal tips (number of 
tips/colony) at 3 dai and number of conidiophores 
(number of conidiophores/colony) at 5 dai.
Three 1.5 cm diameter leaf disks, taken from the 
central part of the second leaves of three infected 
plants per phytotron at 3 and 5 dai, were detached 
and prepared for microscopy. The leaf disks were 
placed, adaxial surface up, into a Petri dish con-
taining disks of absorbing paper soaked with a so-
lution of ethanol-acetic acid (3:1). After complete 
chlorophyll extraction, usually about 20 h, leaf sec-
tions were moved to other Petri dishes containing 
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absorbing paper soaked with water. After 1 h, the 
disks were moved to other Petri dishes containing 
absorbing paper, soaked with lactoglycerol (lactic 
acid:glycerol:water, 1: 1: 1) for 24 h. Finally, leaf disks 
were stained with 0.1% bromophenol blue and trans-
ferred to microscope slides for the assessment.
At 8 dai, for each environmental condition, six 
individual powdery mildew colonies from the sec-
ond leaves of infected plants were collected and 
transferred into a 2 mL Eppendorf tube containing 
1 mL of water. Then the tube was placed on a vortex 
shaker under 3400 rad s-1 for 3 min to obtain a well 
mixed suspension. The concentration of conidia in 
the suspension was determined with a microscope 
slide haemocytometer (Bürker camera) and the aver-
age number of conidia produced by each colony was 
calculated.
The number of powdery mildew spots or per-
centage of leaf surface infected was determined for 
seven plants for each of the environmental condi-
tions, and translated into indices (0‒7) at 8, 10 and 
15 dai, to show the disease incidence, according to 
Horsfall and Cowling (1978). Translation standards 
for these indices are shown in Table 2.
Statistical analyses
Data were analyzed with analysis of variance 
(ANOVA), using SPSS software for Windows (re-
lease 17.0; SPSS Inc., USA). Significance of differ-
ences between treatment means was evaluated using 
the Tukey test (P≤0.05).
Results 
Photosynthetic gas exchange
CCI was recorded at 10 dai and gas exchange ac-
tivity was monitored at 3, 5 and 10 dai in 2nd leaves 
(Tables 3, 4 and 5). With 800 ppm CO2, CCI of healthy 
plants was significantly decreased at higher temper-
atures (22 to 28°C). Average intercellular carbon di-
oxide (Ci) and stomatal conductance (gs) results of 
three trials at 5 dai are shown in Table 3. Elevated 
CO2 greatly enhanced intercellular carbon dioxide 
(Ci) both in healthy and diseased plants. With high-
er temperature the stimulation was even greater in 
infected plants (Table 3). Stomatal conductance (gs) 
was increased by elevated CO2 on healthy and in-
fected plants at 5 dai (Table 3). Considering only the 
rise of temperature or CO2, CCI was significantly less 
compared to standard conditions, while Ci was sig-
nificantly greater (Table 4).
Average assimilation (A) and transpiration rate 
(E) results at 3, 5 and 10 dai in 5 trials are shown in 
Table 5. Elevated CO2 greatly increased net photo-
synthesis by accelerating assimilation (A), but not at 
elevated temperatures (Table 5).
Transpiration rate (E) was not statistically differ-
ent (Table 5) for the different regimes. No differences 
were observed in water use efficiency (WUE) among 
the environmental regimes (Table 5).
The slope of the regression lines calculated for as-
similation and for the traspiration rates at 0, 3, 5 and 
10 dai was always negative. Curves of regression 
with determined coefficients are outlined in Table 
6. Data from healthy and infected plants are mixed. 
The analysis of variance showed that there were no 
significant differences among temporal trends cal-
culated under the four different environmental re-
gimes (Table 6).
Plant growth and development
Plant shoot weights at 15 dai are outlined in Ta-
ble 7. No differences in fresh weights were detected 
for the different environmental regimes. The warm-
er temperatures caused a decrease in dry weight, 
especially on infected plants. Disease reduced plant 
growth under all conditions, and the reduction was 
highly significant under warmer temperature con-
ditions. 
At standard temperatures, more fruits were pro-
duced by healthy plants under elevated CO2 than at 
Table 2. Standard disease index of percentage of leaf area 
infected or number of powdery mildew spots per leaf.
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450 ppm CO2; on the contrary, higher temperature 
reduced fruit development (Table 7). At 800 ppm of 
CO2 and under higher temperatures, the plants had 
more fully opened leaves (Table 7), although the 
leaves were smaller than at lower temperature.
Development of powdery mildew and disease index
Results of microscopy observations are shown in 
Table 8. 
Colony area, number of hyphal tips, conidi-
ophores and conidia per colony were significantly 
greater at temperature ranging from 22 to 28°C com-
pared to standard conditions. Disease indices (0‒7) 
also varied in different trials due to the quantity of in-
oculum, but were never influenced only by increased 
CO2. On the contrary, elevated temperature and CO2 
significantly stimulated disease index (Table 8). 
There was a clear increment of growth of the path-
ogen, fecundity and severity of the disease observed 
at the higher temperature-higher CO2 combination 
compared with control temperature combinations, in 
particular with higher CO2 at standard temperatures.
Table 3. Mean chlorophyll content indices (CCI), intercellular carbon dioxide (Ci) and stomatal conductance (gs) in 2nd 
leaves of zucchini plants grown in different temperature and CO2 regimes. Data are shown as means ± SE (n ≥5). Average 





CCI, 10 dai Ci (ppm), 10 dai Gs (mmol m-2 s-1), 10 dai
healthy infected healthy infected healthy infected
18‒24 450 23.7±1.27 aa 20.3±1.06 a 365.8±22.04 b 341±10.59 d 0.19±0.042 b 0.16±0.042 ab
18‒24 800 25.5±1.30 a 20.2±1.62 a 594.6±32.43 a 513±20.28 b 0.28±0.037 a 0.26±0.054 a
22‒28 450 24.9±1.53 a 12.9±1.89 b 353.7±7.88 b 420±4.61 c 0.20±0.016 b 0.17±0.031 ab
22‒28 800 19.4±1.55 b 9.7±1.74 b 595.4±8.14 a 604±23.38 a 0.16±0.028 b 0.13±0.032 b
a Means of each parameter accompanied by the same letter are not significantly different at P=0.05 (Tukey’s test).
Table 5. Mean assimilation (A), transpiration rate (E), and water use efficiency (WUE) in 2nd leaves of zucchini plants 











18‒24 450 20.52± 2.47 aa 4.93±0.87 a 4.2±1.45 a
18‒24 800 30.72±6.76 b 4.46±0.54 a 6.9±1.33 a
22‒28 450 17.49±3.52 a 3.84±0.39 a 4.6±1.26 a
22‒28 800 22.66±2.61 a 4.13±0.68 a 5.5±0.69 a
aMeans of each parameter accompanied by the same letter are not significantly different at P=0.05 (Tukey’s test).
Table 4. Mean chlorophyll content indices (CCI) and in-
tercellular carbon dioxide (Ci) in 2nd leaves of zucchini 
plants grown in different temperature and CO2 regimes 
considering temperature or CO2. Data are shown as means 
± SE (n ≥5). Average results of five trials. 
Parameter value CCI Ci (ppm)
CO2 (ppm) 450 18.3±0.82 aa 391±7.9 b
800 15.7±0.90 b 524±14.2 a
Temperature 
(°C)
18‒24 21.7±0.67 a 418±13.1 b
22‒28 12.8±0.86 b 588±11.6 a
aMeans of each parameter accompanied by the same letter are not 
significantly different at P=0.05 (Tukey’s test).
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Discussion
In our study, both healthy and powdery mildew-
infected zucchini plants grew better under elevated 
CO2. Similar results have been previously reported 
for several host-pathogen combinations (Wechsung et 
al., 1995; Usuda and Shimogawara, 1998; Morison and 
Lawlor, 1999; Wand et al., 1999; Kaddour and Fuller, 
2004; Ainsworth and Long, 2005; Pugliese et al., 2010).
With elevated CO2 and temperature, the vegeta-
tive-reproductive balance of zucchini plants was in 
Table 6. Linear regression analyses of assimilation (A) and transpiration rate (E) for zucchini plants grown in different 
temperature and CO2 regimes.
Phytotron A+(μmol CO2 m-2 s-1)
Regression curve R2 E(mmol m-2 s-1) Regression curve R
2
1 (18‒24 °C, 450 ppm CO2) -0.73 a y = -0.73 x + 1.94 0.867 -0.44 a y = -0.44 x + 3.56 0.801
2 (18‒24 °C, 800 ppm CO2) -1.71 a y = -1.71 x + 8.22 0.825 -0.37 a y = -0.37 x + 0.68 0.793
3 (22‒28 °C, 450 ppm CO2) -1.02 a y = -1.02 x + 3.86 0.874 -0.31 a y = -0.31 x + 4.62 0.849
4 (22‒28 °C, 800 ppm CO2) -1.95 a y = -1.95 x + 1.92 0.893 -0.28 a y = -0.28 x + 3.31 0.906
Table 7. Mean fresh and dry weights of plant shoots, numbers and maximum lengths of fruits, and numbers of open leaves 
at 15 days after inoculation, for zucchini plants grown in different temperature and CO2 regimes. Data are shown as means 





Shoot weight (g) Zucchini fruits Open leaves 
(number)Fresh Dry Number max length (cm)
healthy infected healthy infected healthy infected healthy infected healthy infected
18‒24 450 115±16.86 aa 82.0±2.71 a 9.3±0.783 ab 9.0±0.319 a 1.0±0.19 b 1.7±0.36 a 2.8±0.42 ab 2.5±0.57 a 5.2±0.12 b 5.2±0.23 b
18‒24 800 111±11.34 a 85.6±2.81 a 11.8±1.582 a 9.4±0.565 a 1.8±0.27 a 1.8±0.20 a 3.2±0.64 a 2.4±0.34 a 4.7±0.35 b 5.2±0.15 b
22‒28 450 101±5.36 a 78.1±4.32 a 9.4±0.852 ab 6.4±0.649 b 0.7±0.21 b 0.3±0.18 b 2.2±0.38 ab 1.9±0.26 a 5.4±0.36 b 5.7±0.48 ab
22‒28 800 116±13.67 a 75.9±6.76 a 8.8±0.314 b 5.3±0.632 b 0.5±0.24 b 0.1±0.15 b 0.3±0.13 b 0.11±0.11 b 6.7±0.13 a 6.3±0.21 a
aMeans of each parameter accompanied by the same letter are not significantly different at P=0.05 (Tukey’s test).
Table 8. Mean pathogen parameters and disease indices for powdery mildew on zucchini plants grown in different tem-















18‒24 450 0.35±0.033 aa 10.3±0.83 a 0.4±0.35 a 5315±840 a 2.8±0.33 a
18‒24 800 0.31±0.031 a 9.5±0.71 a 2.0±0.89 a 4199±645 a 2.9±0.35 a
22‒28 450 0.52±0.058 b 13.4±0.69 b 4.1±0.37 b 8491±684 b 3.4±0.41 ab
22‒28 800 0.68±0.133 b 17.3±1.81 c 11.4±2.27 c 9871±721 b 4.0±0.36 b
aMeans of each parameter accompanied by the same letter are not significantly different at P =0.05 (Tukey’s test).
b The disease index refers to combined assessments at 8, 10 and 15 dai.
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favour of vegetative development: plants produced 
more leaves and less fruit, especially in diseased 
plants. The same plants had lower dry weights and 
similar fresh weights to plants grown at standard 
temperature and CO2 concentration, which corre-
sponded to greater water content and, so, to greater 
susceptibility to pathogens.
In short, elevated CO2 reduced stomatal conduct-
ance (gs), stimulated intercellular concentration of 
CO2 (Ci), and assimilation (A). With higher tempera-
ture, the results were similar, except that there was a 
reduction of CCI and smaller increase of assimilation. 
The reduction of chlorophyll was caused by more 
rapid leaf senescence under higher temperature. In-
tercellular concentration of CO2 in plants grown at 
elevated carbon dioxide was significantly increased, 
even compared to values observed in plants grown 
under elevated temperature. Under elevated CO2 
and temperature, plants developed much more rap-
idly and warmer temperature accelerated the rate of 
organ development and expansion but reduced the 
duration (Morison and Lawlor, 1999), but elevated 
CO2 did not completely compensate for this nega-
tive effect. So, under elevated CO2 and temperature, 
healthy zucchini plants aged rapidly with less chloro-
phyll in 2nd leaves at 10 dai, and produced more but 
smaller leaves, fewer and smaller fruits, resulting in 
lower dry weight at the end of the trials (15 dai). 
Considering the assimilation data, zucchini plants 
probably belong to the group of plant which are able 
to cope well with excess carbohydrate, similarly to 
trees, which show large sink capacities (Davey et al., 
2006; Ainsworth and Rogers, 2007).
At standard temperatures, elevated CO2 alone 
did not affect growth of P. xanthii; on the contrary, in 
combination with an increase of temperature patho-
gen development was always stimulated. These re-
sults suggest that the increase of CO2 per se had no 
effect on disease development, while temperatures 
per se significantly increased pathogen development. 
When temperatures are favorable to powdery mil-
dew, elevated CO2 may favour growth of these path-
ogens by increasing sugar supply for plant growth 
(Hibberd et al., 1996). Similar to the results of Jenkyn 
and Bainbridge (1978), infection of powdery mildew 
increased plant respiration and reduced chlorophyll 
content index and stomatal conductance, thus reduc-
ing the net photosynthesis and plant weight under all 
environmental conditions, though not always signifi-
cantly. Increased respiration due to more rapid path-
ogen development under higher temperature may 
explain why infected plants had higher Ci than those 
grown under the standard environmental condition.
Four different sets of environmental conditions 
were tested in the present study: 450 ppm of CO2 with 
standard and elevated temperatures; 800 ppm of CO2 
with standard and elevated temperatures. Florides 
and Christodoulides (2009) reported that an increase 
in the CO2 level is directly correlated to an increase in 
temperatures, so our purpose was to consider a pos-
sible future scenario in which temperatures and CO2 
will both be greater. Our results showed that under 
the tested conditions, zucchini powdery mildew de-
velopment is more influenced by the combination of 
CO2 air concentration and temperature than by CO2 
level alone. However, increased CO2 can induce some 
changes in host physiology and anatomy, for instance 
linked to the observed increased assimilation under 
high concentration of CO2, that can be involved in the 
activation of plant defense mechanisms.
Considering that the rising concentrations of CO2 
and other greenhouse gases will lead to an increase 
in global temperature, we can assume that the in-
creasing levels of CO2 are likely to indirectly affect 
powdery mildew of zucchini, and may also similarly 
affect other powdery mildew pathogens.
Acknowledgements
This research was supported by Italian Ministry 
for Environment, Land and Sea. The authors thank Dr. 
Claudio Lovisolo for helpful comments. Junzhi Liu was 
supported by the ASIA LINK, CN/ASIALINK/028 
(108-962) project funded by the European Union.
Literature cited
Ainsworth E.A. and S.P. Long, 2005. What have we learned 
from 15 years of free-air CO2 enrichment (FACE)? A meta-
analytic review of the responses of photosynthesis, can-
opy properties and plant production to rising CO2. New 
Phytologist 165, 351‒372.
Ainsworth E.A. and A. Rogers, 2007. The response of pho-
tosynthesis and stomatal conductance to rising [CO2]: 
mechanisms and environmental interactions. Plant, Cell & 
Environment 30, 258‒270.
Boland G.J., M.S. Melzer, A. Hopkin, V. Higgins and A. Nas-
suth, 2004. Climate change and plant diseases in Ontario. 
Canadian Journal of Plant Pathology 26, 335‒350.
Bourgeois G., A. Bourque and G. Deaudelin, 2004. Modelling the 
impact of climate change on disease incidence: a bioclimatic 
challenge. Canadian Journal of Plant Pathology 26, 284‒290.
487Vol. 51, No. 3, December, 2012
High CO2 and temperature effects on powdery mildew
Chakraborty S., 2005. Potential impact of climate change on 
plant-pathogen interactions. Australasian Plant Pathology 
34, 443‒448.
Chakraborty S., I.B. Pangga, J. Lupton, L. Hart, P.M. Room and 
D. Yates, 2000. Production and dispersal of Colletotrichum 
gloeosporioides spores on Stylosanthes scabra under elevated 
CO2. Environmental Pollution 108, 381‒387.
Davey P.A., H. Olcer, O. Zakhleniuk, C.J. Bernacci, C. Calfapi-
etra, S.P. Long and C.A. Raines, 2006. Can fast-growing 
plantation trees escape biochemical down-regulation of 
photosynthesis when grown throughout their complete 
production cycle in the open air under elevated carbon di-
oxide? Plant, Cell & Environment 29, 1235‒1244.
Florides G. A. and P. Christodoulides, 2009. Global warming 
and carbon dioxide through sciences. Environmental Inter-
national 35, 390‒401.
Garrett K.A., S.P. Dendy, E.E. Frank, M.N. Rouse and S.E. Trav-
ers, 2006. Climate change effects on plant disease: genomes 
to ecosystems. Annual Review of Phytopathology 44, 489‒509.
Gullino M. L., M. Pugliese, A. Paravicini, E. Casulli, A. Ret-
tori, M. Sanna and A. Garibaldi, 2011. New phytotron for 
studying the effect of climate change on plant pathogens. 
Journal of Agricultural Engineering – Rivista di Ingegneria 
Agraria 1, 1-11.
Harvell C.D., C.E. Mitchell, J.R. Ward, S. Altizer, A.P. Dobson, 
R.S. Ostfeld and M.D. Samuel, 2002. Climate warming and 
disease risks for terrestrial and marine biota. Science 296, 
2158‒2162.
Hibberd J.M., R. Whitbread and J.F. Farrar, 1996. Effect of el-
evated concentrations of CO2 on infection of barley by Ery-
siphe graminis. Physiological and Molecular Plant Pathology 
48, 37‒53.
Horsfall J.G. and E.B. Cowling, 1978. Pathometry: the meas-
urement of plant disease. Plant Disease 2, 119–136.
Jenkyn J.F. and A. Bainbridge, 1978. Biology and pathology of 
cereal powdery mildews. In: The Powdery Mildews (D.M. 
Spencer, ed.). Academic Press, London, 283‒321.
Kaddour A.A. and M.P. Fuller, 2004. The effect of elevated CO2 
and drought on the vegetative growth and development 
of durum wheat (Triticum durum Desf.) cultivars. Cereal 
Research Communications 32, 225‒232.
Le Treut H., R. Somerville, U. Cubasch, Y. Ding, C. Mau-
ritzen, A. Mokssit, T. Peterson, M. Prather, 2007. Historical 
overview of climate change. In: Climate Change 2007: The 
Physical Science Basis. Contribution of Working Group I to the 
Fourth Assessment Report of the Intergovernmental Panel on 
Climate Change (S. Solomon, D. Qin, M. Manning, Z. Chen, 
M. Marquis, K.B. Averyt, M. Tignor, H.L. Miller, ed.). Cam-
bridge University Press, Cambridge United Kingdom and 
New York, NY, USA, 93‒127.
McGrath M.T. and C.E. Thomas, 1996. Powdery mildew. In: 
Compendium of Cucurbit Diseases (T.A. Zitter, D.L. Hopkins, 
C.E. Thomas, ed.). Academic Press, London, UK, 28‒30.
Meehl G.A., T.F. Stocker, W.D. Collins, P. Friedlingstein, A.T. 
Gaye, J.M. Gregory, I.G. Watterson, A.J. Weaver, and Z.C. 
Zhao, 2007. Global Climate Projections. In: Climate Change 
2007: The Physical Science Basis. Contribution of Working 
Group I to the Fourth Assessment Report of the Intergovern-
mental Panel on Climate Change (S. Solomon, D. Qin, M. 
Manning, Z. Chen, M. Marquis, K.B. Averyt, M. Tignor, 
H.L. Miller, ed.). Cambridge University Press, Cambridge, 
UK, 747‒846.
Morison J.I.L. and D.W. Lawlor, 1999. Interactions between 
increasing CO2 concentration and temperature on plants 
growth. Plant, Cell & Environment 22, 659‒682.
Myneni R.B., C.D. Keeling, C.J. Tucker, G. Asrar and R.R. 
Nemani, 1997. Increased plant growth in the northern 
high latitudes from 1981 to 1996. Nature 386, 698‒702.
Pangga I.B., S. Chakraborty and D. Yates, 2004. Canopy size 
and induced resistance in Stylosanthes scabra determine an-
thracnose severity at high CO2. Phytopathology 94, 221‒227.
Pugliese M., M.L. Gullino and A. Garibaldi, 2010. Effects of 
elevated CO2 and temperature on interactions of grape-
vine and powdery mildew: first results under phytotron 
conditions. Journal of Plant Diseases and Protection 117, 9‒14.
Rosenzweig C. and M.L. Parry, 1994. Potential impact of cli-
mate change on world food supply. Nature 367, 133‒138.
Runion G.B., 2003. Climate change and plant pathosystems - 
future disease prevention starts here. New Phytologist 159, 
531‒538.
Runion G.B., E.A. Curl, H.H. Rogers, P.A. Backman, R. Rodri-
guez-Kabana and B.E. Helms, 1994. Effects of free-air CO2 
enrichment on microbial populations in the rhizosphere 
and phyllosphere of cotton. Agricultural and Forest Meteor-
ologyis 70, 117‒130.
Salinari F., S. Giosuè, V. Rossi, F.N. Tubiello, C. Rosenzweig and 
M.L. Gullino, 2007. Downy mildew outbreaks on grape-
vine under climate change: elaboration and application of 
an empirical-statistical model. EPPO Bulletin 37, 317‒326.
Sherf A.F. and A.A. Macnab (ed.), 1986. Vegetable Diseases and 
their Control. 2nd edition, John Wiley and Sons, New York, 
NY, USA, 728 pp.
Sitterly W.R., 1978. Powdery mildew of cucurbits. In: The Pow-
dery Mildews (D.M. Spencer, ed.). Academic Press, London, 
1978, 359‒379.
Smith T.M., T.R. Karl and R.W. Reynolds, 2002. How accurate 
are climate simulations? Science 296, 483‒484.
Usuda H. and K. Shimogawara,1998. The effects of increased 
atmospheric carbon dioxide on growth, carbohydrates, 
and photosynthesis in radish, Raphanus sativus. Plant and 
Cell Physiology 39, 1‒7.
Wand S.J.E., G.F. Midgley, M.H. Jones and P.S. Curtis, 1999. 
Responses of wild C4 and C3 grass (Poaceae) species to el-
evated atmosphere CO2 concentration: a meta-analytic test 
of current theories and perceptions. Global Change Biology 
5, 723‒741.
Wechsung G., F. Wechsung, G.W. Wall, F.J.K. Adamsen, R.L. 
Garcia, P.J. Pinter and T. Kartschall, 1995. Biomass and 
growth rate of a spring wheat root system grown in free-
air CO2 enrichment (FACE) and ample soil moisture. Jour-
nal of Biogeography 22, 623‒634.
Zitter T.A., D.L. Hopkins and C.E. Thomas, 1996. Compendium 
of Cucurbit Diseases. APS Press, St Paul, MN, USA, 87 pp.
Accepted for publication: January 7, 2012
